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A simple two-step process is used for the growth of high purity multiwalled boron nitride (BN) nanotubes. In the first 
step, disordered nanostructured BN powder (aBN) is prepared chemically by heating a powdered mixture of KBH4 and 
NH4Cl (1:1) at 850ºC in N2 followed by quenching the reaction product. In the second step, BN nanotubes are grown from 
the as-prepared aBN powder by annealing it at about 1200-1300ºC for 5-10 h in N2. No catalyst material (Fe, Ni, Co, etc.) is 
intentionally added to aBN powder. This method of synthesis resulted in high purity multiwalled BN nanotubes of almost 
uniform diameter (10-30 nm) and length up to 5 µm, and, thus has a high aspect ratio with inherent characteristics of BN 
nanotubes, which may be useful for different applications. The BN nanotubes have been characterized using various 
techniques including X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) and Raman spectroscopy. The results obtained by this process are also compared with the similar type of BN 
nanotubes produced employing ball-milling and annealing technique.  
After the discovery of carbon nanotubes (CNTs) in 
1991, significant efforts have been made to synthesize 
BN nanotubes not only because of their similar 
nanostructures as possessed by carbon nanotubes but 
also because of many properties which are found to be 
superior to those of CNTs. Therefore, these BN 
nanotubes finds application in various electronic and 
mechanical devices1. With a wide band gap of about 
5.5 eV, BN nanotubes have high resistance of 
oxidation and Young’s modulus almost similar to that 
observed for carbon nanotubes (1 TPa) 2,3. Carbon 
nanotubes have weak resistance to oxidation mainly 
due to their large surface area and defects at tips and 
these nanotubes readily oxidize in air at 400˚C and 
burn completely at 700˚C in oxygen atmosphere4,5. 
BN nanotubes are, however, found to be more stable 
up to about 1000˚C6,7. All these factors make BN 
nanotubes particularly useful for many nano 
technological applications where thermal stability, 
high strength and stable electrical performance are the 
major considerations. 
Chopra et al.2 have reported the synthesis of BN 
nanotubes for the first time using an arc discharge 
between tungsten electrodes filled with BN powder. 
Subsequently various techniques, such as, plasma arc-
discharge2,8, laser ablation9, substitution reaction10-12, 
ball milling-annealing13-17 and chemical reactions18-24 
have been used for producing BN nanotubes. These 
methods are also employed for the synthesis of carbon 
nanotubes. Large quantities of BN nanotube can be 
synthesized employing ball milling followed by 
annealing process. This process is known as 
mechanothermal process. In this process 
nanostructured disordered BN or aBN powder is first 
prepared by ball milling elemental boron (B) or 
hexagonal boron nitride (hBN) powder for about 100-
150 h in an inert atmosphere. BN nanotubes are 
grown by annealing the as-milled BN powder at 
1000-1300ºC for 5-10 h in nitrogen containing 
atmosphere. However, the BN nanotubes produced 
using this process are generally contaminated with 
metals (Fe, Ni, Cr and W) coming from the abrasion 
of balls and containers during the ball milling15,16 and, 
therefore, have to be subsequently purified.  
Several chemical methods based on vapor-liquid-
solid (VLS) mechanism18,19 have been suggested for 
the formation of BN nanotubes. These methods 
involve a chemical reaction between elemental boron 
with transition metal oxides especially Fe2O3 or a 
mixture of boron, MgO and FeO powders. BN 
nanotubes were found to have formed within a wide 
temperature range of 1100-1700ºC in the presence of 
nitrogen or ammonia gas19-24. It has also been reported 
that carbon nanotubes could also be used as precursor 
along with MoO3 as catalyst to synthesize BN 
nanotubes in the presence of B2O3 and N212. The key 
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feature of these processes is the chemical reaction of 
NH3/N2 gas with B2O2 generated during the chemical 
reactions and thus producing BN nanotubes. In all 
these chemical reactions transition metals are believed 
to act as catalysts for the growth of BN nanotubes. 
Zhi et al.23 have reported the synthesis of about 200 
mg of highly pure BN nanotubes, having a diameter 
of about 50 nm by heating a mixture of FeO, MgO 
and B powder at 1500ºC in the presence of ammonia 
for about 1 h.  
In the present work, we have used a simple 
technique of synthesizing disordered BN 
nanostructured powder employing a chemical route 
where the processing has been done in a much shorter 
duration. In this process, heating a mixture of KBH4 
and NH4Cl in an inert atmosphere followed by 
quenching the reaction product has produced these BN 
nanostructures. These BN nanostructured powders 
were subsequently annealed at high temperatures in N2 
atmosphere to produce BN nanotubes. The main 
advantage of adopting this chemical method is that a 
much shorter duration is required to produce 
nanostructured BN powder as compared to that 
required in ball milling process. The other advantage is 
that BN nanotubes produced employing chemical 
method results in better purity.  
 
Experimental Procedure 
In the present investigations a mixture of KBH4 
and NH4Cl (99.9 %, Merck, Germany ) having a 
weight ratio of 1:1, was heated in a tubular furnace at 
temperatures ranging from 800 to 1000ºC in the 
presence of nitrogen atmosphere for about 2 h 
followed by quenching the reaction product in air. 
From a series of experiments, it was concluded that 
best results were obtained when this mixture was 
heated at about 850˚C.  
The following chemical reaction took place in the 
preparation of nanostructured BN powder:  
 
                            800-1000ºC, N2 
KBH4 + NH4Cl                                KCl + aBN + 4H2  
 
The degree of amorphosity of the product was found 
to depend on the rate of quenching. Fast quenching 
favored the formation of amorphous boron nitride 
(aBN) while slow quenching favored the formation of 
turbostratic boron nitride (a randomly oriented layered 
BN structure). In the present case the boat containing 
the reaction product was shifted from the center to the 
end of alumina tube where direct nitrogen supply was 
available to achieve a high quenching rate.  
The disordered BN powder produced using the 
above mentioned chemical route was subsequently 
annealed in the temperature range of 1000-1300ºC for 
a duration of 5-10 h in the presence of nitrogen. This 
process of annealing converted the disordered BN 
powder into BN nanotubes.  
BN nanotubes synthesized employing the present 
route of chemical reaction followed by annealing (as 
reported above) were compared with our earlier 
experiments where BN nanotubes were synthesized 
employing high-energy ball milling followed by 
annealing. In case of high-energy ball milling, 
hexagonal boron nitride (hBN) powder was first 
converted into nanosized amorphous BN powder 
using ball milling and this ball milled aBN powder 
was subsequently annealed to convert it into BN 
nanotubes25. It may be noted that the two separate 
methods namely the chemical route and the high 
energy ball milling were used only to synthesize 
disordered or aBN powder but in both the cases BN 
nanopowders were converted into BN nanotubes 
using the same process of annealing in a protective 
atmosphere. The ball milling experiments were 
carried out using a high-energy planetary ball mill (at 
a speed of about 300 rpm) where WC containers and 
balls were used to mill the hBN powder using liquid 
NH3 solution as the milling medium. The balls to 
powder weight ratio was about 30:1. The as-milled 
powdered samples were also characterized by XRD 
after an interval of 40 and 100 h to observe the degree 
of amorphisation in BN samples.  
The BN nanotubes produced using the two routes 
as stated above, i.e., chemical route followed by 
annealing and powder metallurgy (PM) route 
followed by annealing were compared employing 
XRD and TEM studies and the results of these 
characterizations are discussed. 
 
Material characterization 
BN nanotubes were dispersed on carbon coated 
copper grid of about 3 mm diameter having 200 mesh 
pore size, by making a suspension in acetone. 
Microstructural characterization at high 
magnifications and reciprocal space analysis were 
carried out using a transmission electron microscope 
(TEM, model JEOL JEM 200CX), operated at the 
electron accelerating voltage of 200 kV. A scanning 
electron microscope (SEM, model LEO 440) 
equipped with an energy depressive spectrometer 
(EDS, model Oxford Link ISIS 300) was used to 
study the topological features and the composition of 
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B and N at different regions of the powder material. 
Further crystallographic interpretations on the 
formation of different phases during synthesis of BN 
nanotubes was performed by X-ray diffraction (XRD) 
patterns recorded using a D8 Advanced Bruker 
Diffractometer.  
 
Results and Discussion  
X-ray characterization 
Figure 1a shows an XRD pattern of aBN powder 
prepared chemically from KBH4 and NH4Cl. From 
this pattern, it is clear that the material is almost 
amorphous in nature. Surface microstructure of as 
prepared disordered BN powder exhibited that most 
of its particles were in the size range of 150-200 nm. 
This nanosized aBN powder was used for the growth 
of BN nanotubes during subsequent annealing. Figure 
1b shows an XRD pattern of BN nanotubes produced 
from nanosized aBN powder by isothermal annealing 
at about 1200ºC for 10 h in nitrogen atmosphere. 
From this XRD pattern, it is clear that only well 
defined peaks of highly crystalline BN were observed 
and no other phases were present. Isothermal 
annealing transforms the highly disordered 
amorphous structure into a highly crystalline 
hexagonal BN structure (a = 0.251 nm, c = 0.669 nm). 
It may be mentioned that although one can obtain a 
large quantity of BN nanotubes by ball milling and 
annealing of B or hBN powders, as observed by 
earlier workers13,16 the BN nanotubes were mostly 
contaminated with metallic inclusions due to the 
abrasion of metals from the walls of container during 
ball milling operation. However, using this two-step 
process employing chemical route followed by 
annealing for the synthesis of BN nanotubes, the 
purity level was relatively higher.  
Figure 2a shows an XRD pattern of BN nanotubes 
produced using mechanothermal process where hBN 
powder was ball milled for 100 h and annealed at 
1300ºC for 10 h in nitrogen atmosphere. From this 
XRD pattern, it is clear that product is contaminated 
with W impurities. At lower annealing temperatures 
(~ 950ºC), other phases, such as, W2B5 was also 
observed in the XRD pattern as shown in Fig. 2b. In 
the present method using a chemical route although 
the purity of BN nanotubes is relatively higher, the 
 
Fig. 1—XRD patterns of (a) amorphous BN powder and (b) BN 
nanotubes produced from aBN powder after annealing at 1200ºC 
in N2 atmosphere 
 
 
 
Fig. 2—XRD pattern of BN nanotubes produced from 100 h ball 
milled BN powder and annealing at (a) 1300°C and (b) at 950°C 
in N2 atmosphere (d values in Ǻ] 
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yield is low compared to mechanothermal process. 
However, in one run about 375 mg of BN nanotubes 
was produced using a small laboratory scale tubular 
furnace, which is comparable to the quantity of BN 
nanotubes (200 mg) as observed by Zhi et al.23. Thus, 
one of the benefits of the present method is that one 
could decrease the duration for obtaining highly 
disordered BN nanostructures from about 100 h (as 
required in ball milling process) to about 2-3 h using 
the chemical route.  
 
Microstructure evaluation 
The size and structure of BN nanotubes were 
examined by SEM and Raman spectroscopy using a 
514.5 nm Ar ion laser. Figure 3 shows a SEM 
micrograph of aggregates or bundles of BN nanotubes 
produced in the present work by employing chemical 
route. A large quantity of BN nanotubes can be 
observed in this micrograph. Figure 4a shows a 
Raman spectrum of BN nanotubes produced in this 
work at 1200ºC using the chemical route. For 
comparison, a Raman spectrum of pure hBN powder 
is also recorded as depicted in Fig. 4b. From these 
two spectra it is clear that the general nature of two 
patterns is more or less similar except in case of BN 
nanotubes the main peak of hBN observed at 1365 
cm-1 becomes widened. This widening of the Raman 
peak is attributed to the nanosize of BN nanotubes. 
The spectra show only one Raman band in the range 
1000-2000 cm –1, which is attributed to a Raman 
active mode E2g due to the in-plane atomic 
displacement of B and N atoms against each other. 
The peak of E2g mode appears at 1365 cm-1 for hBN 
powder as shown in Fig. 4b, which is consistent with 
the reported value of bulk hBN. For BN nanotubes 
grown at 1200ºC, this peak appears at 1360 cm-1 and 
the full width at half maximum is 27 cm-1.  
The BN nanotubes obtained by the present 
chemical route were further characterized extensively 
at high magnifications employing TEM. Figure 5 
elucidates a set of micrographs, revealing the 
nanotubes with a narrow size distribution of their 
diameters (10-30 nm) and lengths up to 5 µm and, 
thus, have an aspect ratio of about 100-500. The 
length up to 5 µm of the BN nanotubes was observed 
while carrying out TEM experiments under the 
electron beam. The surface microstructures of these 
tubes appear to be uniform (Fig. 5a). It has been 
observed that normally the tubes are straight in length 
(Fig. 5b), unless the bending introduced due to 
physical constraints resulted by the surrounding of 
similar kind of nanotubes. Most of the BN nanotubes 
exhibited bamboo-type structure as observed in Fig. 
5b. In general these tubes were seen in aggregate and 
distributed throughout the specimen. Crystallographic 
interpretation of these nanotubes was also carried out 
by reciprocal space analysis, employing the selected 
area electron diffraction (SAED). A SAED recorded 
from a relatively coarser nanotube, along [0001] zone 
axis of hexagonal BN, has been elucidated as inset in 
Fig. 5b. Two diffraction spots on SAED marked as 1 
and 2 are important planes ( )0101  and ( )0110  of 
hexagonal BN crystal structure. The spotty electron 
diffraction pattern further leads an important 
characteristic of these materials that the tubes are 
single crystalline and are in agreement with XRD 
analysis (Fig. 1b). 
 
 
Fig. 3—SEM micrograph of BN nanotubes produced using the 
chemical method 
 
Fig. 4—Raman spectrum of (a) BN nanotubes, and (b) pure hBN 
powder produced using the chemical method 
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TEM investigations were further extended on the 
BN nanotubes obtained employing mechanothermal 
process. A typical TEM micrograph of such a sample 
synthesized by annealing a 100 h ball milled hBN 
powder at 1300ºC for 10 h in N2 atmosphere is shown 
in Fig. 6. BN nanotubes having a diameter of about 
20-40 nm and length up to about 1 µm were clearly 
seen in the TEM micrograph (Fig. 6). Detailed 
observations elucidated that the microstructures of 
BN nanotubes employing mechanothermal process 
resulted in tubular structure with almost uniform 
diameter while BN nanotubes exhibited bamboo-type 
structure when synthesized using chemical method 
(Fig. 5b). The aspect ratio of these BN nanotubes 
using mechanothermal process was smaller (40-50) as 
compared to BN nanotubes prepared by chemical 
route where aspect ratio was found to be 100-500. An 
electron diffraction pattern comprising of nanotubes 
and particles exhibited the polycrystalline hexagonal 
BN crystal structure (inset in Fig. 6). Some of these 
important planes on Debye rings (numbers 1 to 5 as 
marked on SAED) are indexed as 0002, ( )0110 , 
( )2110 , ( )0211  and ( )4211  corresponding to 
interplanar spacing of 0.33, 0.21, 0.18, 0.13 and 0.10 
nm, respectively.  
 
The micro structural feature observed in the present 
work employing chemical route indicates that the 
formation of nanotube is due to preferential growth of 
BN at lattice scale in a hexagonal crystal structure. A 
single crystal electron diffraction pattern (inset in Fig. 
5b) elucidates the preferential growth direction along 
[0001] which is basically the c-axis of hexagonal unit 
cell of BN, related to the highest density, 
thermodynamically most stable plane. Although a 
detailed high-resolution electron microscopy was not 
the theme of the present investigation, however, the 
topographical features observed on these samples at 
micro scale further exemplifies that the stacking of 
BN during solid state transformation in layers along a 
certain direction attributes that the growth of BN 
nanotubes. Such materials of preferred directionality 
at nanoscale level with aspect ratio of 100-500 are 
beneficial for different applications including second 
phase reinforcement in composites. 
 
Conclusions 
In summary, a simple chemical method for the 
growth of high purity multiwalled BN nanotubes was 
employed. The nanotubes produced by this process 
were elucidated with narrow range of diameter (10-30 
nm) and length up to 5 µm. It has been observed that 
the morphology of the BN nanotubes, synthesized 
using this method, was mostly bamboo-type as 
confirmed by TEM studies and the SAED pattern 
showed hexagonal single crystalline structure. This 
 
Fig. 5—TEM micrograph of (a) BN nanotubes, and (b) BN 
nanotubes at high magnification produced using the chemical 
method. The inset shows a SAED pattern of a single BN nanotube 
 
Fig. 6—TEM micrographs of BN nanotubes produced from 100 h 
ball milled hBN powder followed by annealing at 1300ºC in N2 
for 10 h. The inset shows a SAED pattern of a single BN nanotube 
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method is simple and does not require a long 
processing time as required in case of 
mechanothermal process especially during the ball 
milling of hBN or other raw materials to prepare 
amorphous nanostructured BN powder and therefore, 
has the potential for up-scaling for various 
applications. 
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